Aims Inflammation is pivotal in atherosclerosis and a key early step is endothelial dysfunction. C-reactive protein, the prototypic marker of inflammation, and cardiovascular risk marker have been shown to promote atherogenesis. Increased levels of C-reactive protein are associated with endothelial dysfunction. The glycocalyx decorates the luminal surface and affords critical protection of the endothelium. Thus, the aim of the study was to examine the effect of C-reactive protein on the endothelial glycocalyx.
Introduction
Increasing evidence support the involvement of inflammation in the pathogenesis of atherosclerosis.
1 C-reactive protein, the prototypic marker of inflammation, has been shown in numerous studies to predict cardiovascular events. 2 In addition to being a risk marker, C-reactive protein by enhancing inflammation, oxidative stress, and pro-coagulant activity appears to mediate atherothrombosis. 3, 4 In endothelial cells (ECs), C-reactive protein increases the expression of cell adhesion molecules, intercellular adhesion molecule-1 (ICAM-1) and vascular cell adhesion molecule-1, increases monocyte-chemotactic protein-1 and endothelin-1, plasminogen activator inhibitor-1, and inflammatory cytokines, and decreases prostacyclin release as well as tissue plasminogen activator activity. 3, 4 C-reactive protein augments monocyte-EC adhesion under static and shear stress conditions. Increased C-reactive protein levels are associated with impaired endothelial vasoreactivity. 3, 4 In addition, we and others 5, 6 have shown that C-reactive protein causes down-regulation of endothelial nitric oxide synthase (eNOS) by decreasing eNOS activity and NO bioactivity as determined by the conversion of arginine to citrulline and cyclic GMP release, respectively. Furthermore, recent evidence in murine models has also shown that C-reactive protein administration impairs endothelial vasoreactivity and eNOS in vivo via uncoupling of the enzyme. [7] [8] [9] [10] Many groups have now confirmed that C-reactive protein administration in vivo impairs endothelial vasoreactivity. [7] [8] [9] [10] Recent studies have recognized that the endothelial glycocalyx, an intraluminal layer, consisting mainly of hyaluronan (HA) and heparan sulfate (HS), contributes to the vasculoprotective effects of the vessel wall. 11, 12 HA, in the EC glycocalyx, appears to serve as a mechano-shear sensor and regulates NO release and maintains vascular permeability. [13] [14] [15] [16] Recent data demonstrate that exposure of EC to oxidized low-density lipoprotein (ox-LDL) or tumour necrosis factor alpha (TNF-a) reduces thickness of the EC glycocalyx and decreases the amount of HS associated with the surface. [16] [17] [18] [19] Lewis et al. 20 demonstrated that coronary artery endothelial glycocalyx of pigeons was thinnest in areas with high disease predilection and thickness was reduced even further on cholesterol challenge. Furthermore, in Type 1 diabetics, EC glycocalyx is profoundly reduced compared with matched healthy controls. 21, 22 Although several reports demonstrate that C-reactive protein induces endothelial activation/dysfunction, there is a paucity of data on the effects of C-reactive protein on the endothelial glycocalyx and its association with endothelial dysfunction. Thus, in this study, we examined the effect of C-reactive protein treatment in vitro and in vivo on the EC glycocalyx.
Methods
Human C-reactive protein was purified from human ascitic/pleural fluids as described previously. 23 These fluids were anonymized and the protocol of waived consent was approved by the UC Davis Medical Center Institutional Review Board. We have shown that our in-house purified, dialysed C-reactive protein mediates its inflammatory effects in toll-like receptor 4 knocked down cells providing further cogent data that C-reactive protein-mediated effects are not due to endotoxin or azide contamination. 23 
Cell culture and treatment
Human aortic endothelial cells (HAECs; Cambrex) were grown in endothelial medium containing growth supplements (EGM-MV) and used between passages 3 and 5. For the initial experiments, cells were grown in 12-well plates. Upon reaching 80% confluency, the cells were incubated with C-reactive protein (0, 25, and 50 mg/ mL) or boiled C-reactive protein (25 mg/mL) for 12 h. The rationale for using doses of C-reactive protein up to 50 mg/mL is because plasma C-reactive protein levels, ranging 20-64 mg/L, have been reported in patients with acute coronary syndromes and levels appear to be higher in aortic sinus samples and predict poorer outcomes. 24, 25 Also, these doses of C-reactive protein did not result in significantly increased cell proliferation.
In vivo C-reactive protein treatment
This study conforms with the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH Publication No. 85-23, revised 1996) and our institution is compliant with these guidelines (UC Davis Approval number#15232). Male hooded Wistar rats (weighing 125-150 g) were obtained from Charles River Lab. Animals were housed in a controlled environment at an ambient temperature of 21 + 28C on a 12 h light:dark cycle. Food and water were provided ad libitum. The rats were acclimatized to animal housing conditions for 1 week. The protocol was approved by the animal committee of University of California at Davis. Human C-reactive protein/human serum albumin (HuSA, 20 mg/kg body weight for 3 days, n ¼ 5 in each group) was injected in the peritoneal cavity of the rats as described previously. 26 The rats were sacrificed by overdose of pentobarbital. Aorta was obtained for en face staining and for isolation of rat, aortic ECs were obtained using anti-CD31 antibodies as described previously. 10 
Hyaluronan
HA release from C-reactive protein-treated HAECs and in circulation of rats treated with human C-reactive protein/HuSA was examined by ELISA (Echelon Biosciences), and the inter-and intra-assay coefficient of variation of the assay was ,8%.
Western blotting for HS
Western blotting for HS was performed on membrane fractions of lysates from C-reactive protein-treated HAECs using anti-human monoclonal antibodies to HS (Calbiochem) as described previously. 5 Densitometric ratios to b-actin as a loading control were calculated. Also, rat aortic sections were stained using mouse anti-rat antibodies to HS followed by secondary anti-mouse IgG-PE and images were obtained using a fluorescent microscope.
TEM for EC glycocalyx
Cells were cultured as above in eight-well Permanox w slide wells. Both C-reactive protein-treated HAECs and human C-reactive protein/HuSA-injected rat aortic ECs were used for these experiments. They were fixed and embedded using a modification of the protocol described previously. 27 Protocol modifications for the cultured cells were as follows. One well in each treatment group was processed without Alcian Blue and lanthanum nitrate. Alcian Blue 8GX (AB) was added to a mixed aldehyde fix (2.5% glutaraldehyde and 2% paraformaldehyde in a 0.06% sodium phosphate buffer with a final concentration of 0.05%) immediately prior to fixation. Cells remained in the fixative/AB at 48C until further processing. After rinsing three times in 0.01 M phosphate buffer, cells were incubated in 1% osmium tetroxide in 0.1 M buffer with 1% lanthanum nitrate for 1 h followed by washes and then incubated 90 min in 1% aqueous uranyl acetate. Dehydration was achieved in ascending concentrations of ethanol. All procedures before the 95% ethanol were carried out at 48C. After the final 100% ethanol fresh epoxy resin was added to the wells and left at room temperature overnight, resin was exchanged and then polymerized at 708C overnight. The Permanox w was stripped from the cultures and a jeweler's saw was utilized to select an area of cells for on face sectioning. Ultrathin sections were stained with uranyl acetate and lead citrate and then viewed with a Philips CM120 electron microscope (FEI Company, Hillsboro, OR, USA, made in Eindhoven, The Netherlands) equipped with a GATAN digital camera (Gatan MegaScan, model 794/20, Pleasanton, CA, USA). Semi-quantitative measurements of glycocalyx thickness were made utilizing the micron bar on the image of interest. A determination was made of where the actual cell membrane was and the glycocalyx was measured from the cell membrane to the outer edge of the glycocalyx. Briefly, for measurements of glycocalyx thickness, five cells were selected empirically for having thick vs. thin glycocalyx within the same sample. All micrographs were taken at the same magnification. Four sites were chosen across the length of the glycocalyx where the basal lamina was clear enough to make a perpendicular measurement possible. The four sites on each micrograph were measured and the thickness determined. Thicknesses within the thick or thin region were averaged to determine thickness range.
Monocyte-EC adhesion
Monocyte-EC adhesion under static conditions was performed after treatment of HAECs with C-reactive protein or boiled C-reactive protein for 12 h as described previously using CFDA-labelled monocytes. 28 
eNOS bioactivity
eNOS enzymatic activity was assessed by measuring the conversion of 14 C-L-arginine to 14 C-L-citrulline in HAEC lysates as reported previously. 7 
Plasminogen activator inhibitor-1 activity
Plasminogen activator inhibitor-1 (PAI-1) activity in the supernatants of C-reactive protein-treated HAECs was examined by ELISA using the Spectrolyse reagents from American Diagnostica as reported previously. 29 
Intercellular adhesion molecule-1
ICAM-1 release from C-reactive protein-treated HAECs was examined using a high sensitivity ELISA from R&D Systems as described previously. 28 
Statistical analysis
All experiments were performed at least three times in duplicate. The dose-response comparisons were analysed using ANOVA followed by post hoc tests. The experimental results are presented as means + SD. Paired t-tests were used to compute differences in the variables, and the level of significance was set at P , 0.05.
Results
C-reactive protein dose-dependently increased HA release from HAECs (Figure 1) , whereas boiled C-reactive protein failed to have any effect (C: 72 + 33 ng/mg protein; C-reactive protein 12.5: 87 + 21 ng/mg protein; C-reactive protein 25: 188 + 66 ng/mg protein; C-reactive protein 50: 222 + 87 ng/ mg protein; boiled C-reactive protein: 65 + 29 ng/mg protein; P , 0.01 compared with C and boiled C-reactive protein). Also, western blotting for membrane-associated HS showed significant reduction in expression of HS, one of the main glycosaminoglycans (GAGs) in the glycocalyx following C-reactive protein treatment (Figure 2) . We then examined glycocalyx thickness by transmission electron microscopy (TEM). As depicted in Figure 3A and B (representative TE micrographs), C-reactive protein treatment significantly decreased thickness of the EC glycocalyx, again boiled C-reactive protein had no effect.
We also examined the effect of C-reactive protein treatment on eNOS activity, PAI-1 activity, ICAM-1 release, and monocyte-EC adhesion. As reported previously 8, 10 and in Table 1 , C-reactive protein dose-dependently decreased eNOS activity and up-regulated PAI-1, ICAM-1, and adhesion (P , 0.05). Furthermore, there was a significant negative correlation between HA release from EC and eNOS (r ¼ 20.71, P , 0.01), and positive correlation with PAI-1 (r ¼ 0.49, P , 0.05), ICAM-1 (r ¼ 0.63, P , 0.05), and monocyte adhesion (r ¼ 0.77, P , 0.01) (n ¼ 8).
To confirm the in vitro effects of C-reactive protein in vivo, rats were treated ip with human C-reactive protein/HuSA. In C-reactive protein-treated rats (average C-reactive protein: 18.4 + 5.9 mg/L), there was increased circulating levels of HA (HuSA: 29.2 + 10.9 ng/mL vs. human C-reactive protein: 42.7 + 15.5 ng/mL; P , 0.05). TEM confirmed that C-reactive protein impairs endothelial glycocalyx thickness in vivo ( Figure 4A ; average thickness: HuSA: 0.53 + 0.15 mM vs. human C-reactive protein: 0.41 + 0.11 mM; P , 0.05). Also, there was decreased staining of C-reactive protein-treated rat aortic endothelium with HS compared with HuSA ( Figure 4B ).
Discussion
Inflammation plays a critical role in atherogenesis. Creactive protein is a prototypic marker of inflammation and has been shown in numerous prospective studies to predict cardiovascular events. 2 Much data are evolving to suggest that C-reactive protein also promotes endothelial dysfunction. 3, 4 Several studies have shown that high Creactive protein levels are associated with impaired endothelial vasoreactivity. 3, 4 Also, three groups have independently shown that the human C-reactive protein transgenic (Tg) mice exhibit decreased eNOS activity in vivo, 8, 30, 31 corroborating the inverse correlation between C-reactive protein and endothelium vasoreactivity in human subjects. C-reactive protein has also been shown to induce hypertension in CF1 Tg mice expressing rabbit C-reactive protein attributable to C-reactive protein-induced decline in bioavailable NO. 31 Furthermore, injection of adeno-associated virus vector with C-reactive protein in rats compared with control vector results in impaired endothelial vasoreactivity in vivo. 32 In addition, we have shown that in vitro that Creactive protein inhibits eNOS by uncoupling the enzyme. 7 We have confirmed these in vitro findings in vivo in Sprague-Dawley rats, where we demonstrated that compared with HuSA, C-reactive protein significantly impaired endothelium-dependent vasodilation. Furthermore, this was accompanied by significant reduction in eNOS activity, eNOS dimer/monomer ratio, tetrahydrobiopterin levels, and protein expression of GTPCH1 in C-reactive proteintreated than HuSA-treated rats. Thus, C-reactive protein impaired endothelial function in vivo via uncoupling of eNOS. 10 Using purified C-reactive protein, we have previously shown in vivo effects on up-regulating superoxide, myeloperoxidase, MMP-9, tissue factor, and promoting ox-LDL uptake. [33] [34] [35] Also, the Stroes group 36 has shown that infusion of C-reactive protein in humans resulted in impaired endothelium-dependent vasodilation. , and 50 mg/mL) or boiled C-reactive protein (25 mg/mL) overnight at 378C and HS on cells was quantified by western blotting, using specific anti-human antibodies and using b-actin as a loading control as described in Section 2. Representative western blot and densitometric ratio for four different experiments are provided: 1, C; 2, C-reactive protein (12.5 mg/mL); 3, C-reactive protein (25 mg/mL); 4, C-reactive protein (50 mg/mL); 5, boiled C-reactive protein (25 mg/mL); *P , 0.05 compared with control and boiled C-reactive protein. Data are mean + SD. *P , 0.05 compared with C.
The glycocalyx of the EC decorates the luminal surface of the endothelium and serves as a barrier to transvascular exchange of macromolecules and blood cell adhesion to the endothelium and may affect the resistance to blood flow within the microcirculation proper. Within the microvasculature, observations by electron microscopy using cationic markers reveal that the glycocalyx is composed of a highly sulfated layer of GAGs bound to a variety of proteins (proteoglycans). 11, 12 In vivo microvascular studies of enzymatic degradation of specific GAGs have revealed dramatic increases in capillary haematocrit, increased capillary permeability, enhanced leucocyte (white blood cell) adhesion, and diminished resistance to blood flow within the microcirculation. 11, 12 It has also been shown that the composition of the glycocalyx changes in microvessels during angiogenesis and with the onset of atherosclerosis in macrovessels. HS, a glucosaminoglycan and the most common GAG on the EC glycocalyx, is associated with 50-90% of endothelial proteoglycans. 11, 12 Also, the GAG HA may play a role in permeation of the glycocalyx by macromolecules and contribute to the structural integrity of the GAG protein matrix and play a critical role in EC dysfunction. Recent studies have recognized that the endothelial glycocalyx, an intraluminal layer, consisting mainly of HA and HS, contributes to the vasculoprotective effects of the vessel wall. 11 HA, in the EC glycocalyx, appears to serve as a mechano-shear sensor and regulates NO release and maintains vascular permeability. 12 The glycocalyx also appears to serve as a barrier for leucocyte adhesion and inflammatory states are associated with increased shedding of the endothelial glycocalyx. 12 The thickness of the glycocalyx is reduced at high-compared with low-risk regions of the murine carotid artery. 18 Also, hyaluronidase activity and plasma HA have been shown to be correlated with increased carotid intimal medial thickness. 22 Exposure to ox-LDL or TNF-a in vivo reduces thickness of the EC glycocalyx. 37, 38 Furthermore, in Type 1 diabetics, EC glycocalyx is profoundly reduced compared with matched healthy controls. 22 Plasma HA levels are increased in Type 1 diabetics and correlates significantly and inversely to systemic glycocalyx volume. 21 In this study, we have used three biomarkers of the integrity of the glycocalyx. Previously, HA levels have been shown to correlate with in vivo measures of glycocalyx. 21, 22 HS is a significant GAG comprising the glycocalyx. Also, we examined the glycocalyx directly using TEM. Using all three valid measures, we show that C-reactive protein impairs the functional integrity of the glycocalyx. In this manuscript, we demonstrate that C-reactive protein impairs endothelial glycocalyx as evidenced by increased shedding of HA from EC glycocalyx, decreased cell-associated HS, and decreased glycocalyx thickness by TEM. Previously, Nieuwdorp et al. 21 have shown that hyperglycaemia resulted in endothelial dysfunction and this was strongly correlated to glycocalyx volume and shedding of HA. In order to examine whether this reduction in glycocalyx by C-reactive protein results in impaired endothelial function, we also examined other biomarkers of endothelial activity such as eNOS, PAI-1, ICAM, and monocyte-EC adhesion. We and others have previously reported that C-reactive protein treatment of EC dose-dependently decreased eNOS activity and up-regulated PAI-1, ICAM-1, and adhesion and provided mechanistic insights. 9 In this manuscript, we show that Creactive protein-induced endothelial dysfunction/activation (decreased eNOS, increased PAI-1, ICAM-1, and adhesion) correlated significantly to impairment in glycocalyx (HA release). We also provide additional evidence in vivo of C-reactive protein impairing glycocalyx as demonstrated by increased HA in circulation, decreased HS staining in rat aortic endothelium, and impaired thickness of EC glycocalyxthese results are in support of our recent data in vivo demonstrating that C-reactive protein impairs endothelial vasoreactivity. 10 Thus, in this study, we make the novel observation that C-reactive protein impairs the functional integrity of the glycocalyx in vitro and in vivo and this correlates with endothelial dysfunction/activation. Future studies will examine mechanisms by which EC glycocalyx is impaired in disease Figure 4 Effect of C-reactive protein on glycocalyx in vivo. Wistar rats were treated with HuSA or human C-reactive protein (20 mg/kg body weight ip for 3 days) and aorta was removed for en face staining and for isolation of ECs as described in Section 2. Glycocalyx thickness was assessed by TEM as described in Section 2. Representative micrographs are shown in (A). Aorta was stained with antibodies to HS as described in Section 2 (B). states such as in diabetes and hypertension and the role of the elevated C-reactive protein present in these conditions.
